To study the microevolutionary processes shaping the evolution of the segmentation gene hunchback (hb) from Drosophila melanogaster, we cloned and sequenced the gene from 12 isofemale lines representing wild-type populations of D. melanogaster, as well as from the closely related species Drosophila sechellia, Drosophila orena, and Drosophila yakuba. We find a relatively low degree of sequence variation in D. melanogaster (⌰ ϭ 0.0017), which is, however, consistent with its chromosomal location in a region of low recombination. Tests of neutrality do not reject a neutral-evolution model for the whole region. However, pairwise tests with different subregions indicate that there is a relative excess of polymorphic sites in the leader and the intron. Codon usage pattern analysis shows a particularly biased codon usage in the highly conserved regions, which is in line with the hypothesis that selection on translational accuracy is the driving force behind such a bias. A comparison of the expression pattern of hb in different sibling species of D. melanogaster reveals some regulatory changes in D. yakuba, which could be interpreted as changes in the timing of secondary expression domains.
Introduction
The understanding of the evolution of developmental processes is currently of prime interest. However, most work to date has focused on comparisons at major taxonomic levels. These studies have yielded a number of very interesting insights into the conservation and divergence of macroevolutionary processes (Raff 1996) . On the other hand, they have so far contributed very little to the question of what happens at the species level, i.e., within-and between-species divergence. It is as yet unclear whether the early-acting developmental genes that are usually used for comparions at higher taxonomic levels might also play a role in the diversification of species, i.e., at the microevolutionary level. Early developmental processes are often very similar between related groups of species, suggesting that the underlying genetic processes should be conserved. On the other hand, there are distinctive differences in the conservation patterns between ontogenetic pathways. Invariably, the so-called phylotypic stage is the most conserved one. This stage appears about midway through embryogenesis and shows a very similar morphology even between diverse taxa. The ontogenetic pathways preceding this stage, appear, however, to be much more divergent. The reasons for this could be that the earliest stages are capable of responding to environmental constraints, i.e., could be subject to ecological adaptations (Sander 1983; Duboule 1994; Raff 1996) . In this context, it might very well be that the earliest-acting developmental genes are also involved in some aspects of such adaptations. Thus, it should be worthwhile to look at microevolutionary divergence patterns of such genes to assess potential adaptive influences on them.
Here, we analyzed a well-characterized gene of the early segmentation gene cascade in Drosophila, namely hunchback (hb). hb belongs to the gap class of segmentation genes (Lehmann and Nüsslein-Volhard 1987) and is one of the earliest expressed patterning genes in the Drosophila embryo (Tautz 1988) . It codes for a transcription factor of the Zn-finger type (Tautz et al. 1987a) and acts by directly regulating its target genes in a concentration-dependent manner (Hülskamp, Pfeifle, and Tautz 1990; Struhl, Johnston, and Lawrence 1992; Schulz and Tautz 1994) . hb is expressed both maternally and zygotically, and the two expression phases are partially redundant (Hülskamp and Tautz 1991) . The maternal RNA is regulated at the translational level by the gene nanos (Wang and Lehmann 1991; Wharton and Struhl 1991) , and the zygotic expression is regulated by bicoid (Schröder et al. 1988; Driever and Nüsslein-Volhard 1989) . nos regulation is mediated by particular sequence elements in the nontranslated 3Ј end of the mRNA, the so-called nos response elements (NREs) (Wharton and Struhl 1991) . bcd regulation is mediated by bcd-binding sites upstream of the zygotic hb promotor (Driever and Nüsslein-Volhard 1989) . The respective sequence elements are conserved in Drosophila virilis (Treier, Pfeifle, and Tautz 1989) , although the sequences of the bcd-dependent promotor region show some rearrangements. On the other hand, they are fully functional in Drosophila melanogster . The zinc-finger regions of hb are evolutionarily highly conserved , while the remainder of the protein is more divergent between species. The full-length genes are known from several insects (Treier, Pfeifle, and Tautz 1989; Kraft and Jäckle 1994; Wolff et al. 1995; Bonneton et al. 1997) , as well as from an annelid (Savage and Shankland 1996) .
For this study, we sequenced the hb regions from different wild-type populations of D. melanogaster, as well as from three closely related species. Such intraand interspecific sequence comparisons can be used to judge whether a particular gene evolves according to a neutral model or shows signs of adaptive changes. Appropriate statistical procedures have been developed to perform such tests (Hudson, Kreitman, and Aguade FIG. 1.-Sketch of the sequenced hb gene region (drawn to scale). The nontranscribed region is depicted as a line, and the transcribed region is indicated with boxes. The translated region is lightly shaded, and the three highly conserved regions are darkly shaded. The extents of the four regions used for rate comparisons are indicated at the bottom. The numbers provided refer to the respective sequence positions in the sequence of Tautz et al. (1987a) . The locations of the polymorphic positions are indicated by x's; the two positions that result in amino acid changes are indicated with a's.
1987 ; Tajima 1989; McDonald and Kreitman 1991; Fu and Li 1993) , and a deviation from the expectations of neutrality could indeed be found for some housekeeping genes (McDonald and Kreitman 1991; Eanes, Kirchner, and Yoon 1993; Hudson et al. 1994) , but not for several other genes (reviewed in Moriyama and Powell 1996) .
Apart from changes at the sequence level, evolutionary divergence could also happen at the level of changes of regulatory interactions. Since segmentation genes are spatially expressed and since their expression pattern is involved in generating the phenotype, it is particularly pertinent to ask whether regulatory changes have occurred in the context of this study. We have previously found in comparisons between dipteran species of larger evolutionary distances that the primary expression pattern of hb is fairly well conserved (Treier, Pfeifle, and Tautz 1989; Sommer and Tautz 1991) . However, like most other segmentation genes, hb also has secondary expression patterns at later stages of development that appear to be more divergent (Treier, Pfeifle, and Tautz 1989; Sommer and Tautz 1991) . On the other hand, it is as yet unclear how often such secondary regulatory changes occur among closely related species, and we therefore compared the expression patterns of hb in species of the D. melanogaster group.
Materials and Methods
DNA from wild-type strains was obtained from isofemale lines that were established several years ago and have been kept in the laboratory since then. The following strains were used (city and/or state-country year In addition, genomic DNA from Drosophila sechellia, Drosophila yakuba, and Drosophila orena was used for the between-species comparisons.
To clone the hb region from these species, the DNA was digested with EcoRI and separated on an agarose gel, and the size fraction around 5-7 kb containing the hb region was isolated. The fragments were cloned into lambda-ZAP (Stratagene), and about 10,000 pfu were plated for each strain. The plaques were transferred onto filters, and these were hybridized with the hb probe. Positive clones were plaque-purified, and the plasmid containing the insert was mobilized according to the instructions of the supplier of the vector (Stratagene). The hb region was then sequenced with an overlapping set of primers. The region sequenced for the D. melanogaster strains encompasses positions 3891-7243 of the hb wild-type sequence described in Tautz et al. (1987a Expression analysis of embryos was done by whole-mount in situ hybridization Lehmann and Tautz 1995) using a RNA probe from the D. melanogaster clone. Because of the relatively high conservation of hb between these closely related species, one would expect that the D. melanogaster probe faithfully reflects the homologous expression patterns in the other species. We previously used the D. virilis hb gene for in situ hybridization in D. melanogaster and found that this more distant probe still shows all details of the D. melanogaster expression pattern, indicating that cross hybridization with heterologous hb probes does not yield incorrect expression patterns.
Data analysis was done with the programs CLUS-TAL V (Higgins, Bleasby, and Fuchs 1992) , MEGA (Kumar, Tamura, and Nei 1993) , CODONS (Lloyd and Sharp 1992) , and DnaSP (Rozas and Rozas 1997).
Results hb Polymorphisms in D. melanogaster Populations
A fragment containing the hb region was cloned from 12 D. melanogaster wild-type strains, and 3,352 bp were sequenced from each clone. The sequenced region can be broken up into four subparts ( fig. 1 ). Region 1 represents the bicoid-dependent promotor region, region 2 represents the noncoding leader sequence as well as a small intron, region 3 represents the whole coding region, which is not interrupted by introns, and region 4 represents the part of the nontranslated 3Ј end, which contains the regulatory elements for the translational control of the maternal hb RNA.
Polymorphic sites were found only in the first three of these regions and are listed in figure 2. Only two sites were detected in the promotor region. One is close to a mapped bcd-binding site in D. melanogaster, but the respective position is not conserved in D. virilis. In view of the fact that the D. virilis promotor is fully functional in D. melanogaster ), it appears likely that this polymorphism is not deleterious and may not affect bcd binding. Most polymorphisms were found in region 2, i.e., the noncoding leader and the small intron. No special functions have so far been ascribed to this region, and one should therefore expect that all these sites are more or less neutral.
The coding region shows seven polymorphic sites, two of which concern amino acid replacements in one strain. Interestingly, both affect amino acids which are invariant in all Drosophila species sequenced (including D. virilis). One might therefore not expect that these constitute neutral or near-neutral polymorphisms. One possibility is that the two replacements compensate each other. However, as no folding structure is known in this region, this inference must remain speculative.
There appears to be no correlation between the distribution of polymorphic sites and the geographical origin of the lines analyzed. Figure 3 shows a parsimony consensus tree for all haplotypes which indicates a random distribution of chromosomal variants across the whole world. This is in line with other data that D. melanogaster has only very recently spread across the world and shows little geographical substructuring outside of Africa, at least when analyzed on the basis of nuclear point mutational substitutions (David and Capy 1988; Begun and Aquadro 1993) . Accordingly, we treat the whole sample as a single population in the following. Table 1 lists the nucleotide polymorphism parameters S, ⌰, and for the different regions of the gene and compares them with the averages found for D. melanogaster (Moriyama and Powell 1996) . It is evident that the respective values are all much lower than the averages for D. melanogaster. However, polymorphism levels are highly correlated with recombination rates in Drosophila (Begun and Aquadro 1992; Charlesworth, Morgan, and Charlesworth 1993; Hudson and Kaplan 1995) . hb lies close to the centromere of the third chromosome (at 85B), i.e., in a region of low recombination. The predicted levels of DNA variation under a back- Moriyama and Powell (1996) , for coding regions only (equivalent to region 3 in hunchback). d The values for the range are from complete sequences only. ground selection model would be ⌰ ϭ 0.0005-0.0025 in this region, depending on which deleterious mutation rate is assumed (values taken from fig. 2 in Hudson and Kaplan [1995] , based on the proximity of hb to Gld). The value found for the whole hb region is within this range (⌰ ϭ 0.00166). Another intensively studied gene which lies close to hb, Glucose Dehydrogynase (Gld, at 84C), shows similar values of ⌰, although with some population-specific differences (Hamblin and Aquadro 1997) .
hb Sequences from Other Species
To analyze the divergence patterns of hb between closely related species, we sequenced the respective fragments from three D. melanogaster sibling species, namely D. sechellia, D. orena, and D. yakuba. Again, the hb-containing fragment was cloned from the genomic DNA of each species, and the same region as for the polymorphism analysis was sequenced. Table 2 lists the differences in pairwise comparisons excluding the indels. For each species comparison, we find fewer point substitutions in regions 1, 2, and 4 than at the silent sites in region 3. This would indicate that these regions are functionally constrained, while the silent sites are more free to evolve. On the other hand, the rate of divergence at the silent sites is still about twofold lower then we have previously found for presumably neutral positions in the ribosomal internal transcribed spacer for these species (Schlötterer et al. 1994) , indicating that there is some constraint on these sites as well (see below).
Mutational Patterns
The occurrence of indels is a frequent feature in sequence comparisons. In noncoding ribosomal DNA regions of Drosophila, they may even be as frequent as point mutations (Tautz et al. 1987b ). Still, because of alignment uncertainties, they are usually not included in any statistical calculations. On the other hand, they should not be completely omitted from the comparisons, since they might reveal additional features of sequence constraints that would otherwise not become apparent. This also appears to be the case for the hb region sequenced here.
We find three indel polymorphisms among the polymorphic sites in the noncoding region. All three concern single nucleotides which are located in short homopolymeric stretches and are thus likely to have been caused by slippage. Similarly, a number of indel polymorphisms can be found in the between-species comparisons, many of which could also be ascribed to slippage effects. On the other hand, although the coding region also contains several short direct repeats (particularly trinucleotide repeats), no polymorphisms were found here. Interestingly, even in the between-species comparisons, only a few indels are associated with these repeats. This suggests that the hb gene is relatively refractory to such events, indicating that the exact lengths of the homopolymeric stretches of amino acids associated with these repeat regions are somehow under purifying selection. This is unusual, since most other Drosophila genes containing such stretches show intra-and interspecific polymorphisms and fixed differences between species in these stretches (Tautz 1989; Newfeld, Schmid, and Yedvobnick 1993; Michalakis and Veuille 1996) .
Codon Usage Pattern Akashi (1994) has suggested that codon usage biases might be particularly pronounced in regions under functional constraints, since these regions would have to be translated with the highest fidelity. We have therefore subdivided the coding region into two categories, namely one that is supposedly under strong functional constraint and one that may be under less constraint ( fig.  1 ). The regions were identified by comparison of the hb sequences from D. virilis and Musca domestica (Sommer 1992; Bonneton et al. 1997) . Protein blocks that are conserved between these species were considered to be under strong functional constraint. These blocks include the two Zn-finger regions which are involved in DNA binding, but they also include a stretch of 44 amino acids between the fingers that is highly conserved in D. virilis and M. domestica and is required for the proper function of hb (Hülskamp et al. 1994) .
The frequencies of the optimal codons were determined separately for these two regions in the four species. The conserved region shows frequency-of-optimalcodon (Ikemura 1985) values between 0.69 and 0.71 and nonconserved-region values between 0.50 and 0.52 (table 3). A similar bias is evident for the calculation of the effective number of codons (table 3) . It has previously been shown that the preferred codons in D. melanogaster are usually those that have a G or a C at the third codon position (Shields et al. 1988; Moriyama and Hartl 1993) . Therefore, we also calculated the GϩC content at third codon positions and again found a clear difference between the conserved and the nonconserved regions (0.80-0.81 vs. 0.67-0.71; table 3). Note that a similar bias is not evident for the coding nucleotides in these two regions (table 3) .
Test of Neutrality
There are three different tests that can be used to investigate whether a certain sequence evolves according to a neutral model. The first compares the difference in the number of segregating sites with the average number of nucleotide differences for a population sample (Tajima 1989; Fu and Li 1993) . Applying Tajima's D statistic to the three subregions that show polymor- phisms, as well as to the whole region, yields D values of 0.1 (for region 1), Ϫ0.45 (for region 2), 0.13 (for region 3), and Ϫ0.17 for the whole sequence. All of these values are well within the limits of the 90% confidence interval for this statistic (Tajima 1989 ) and are thus not significant. Similarly, the Fu and Li (1993) test did not yield any significant deviations from the random expectation. However, these tests appear to be rather conservative, at least as long as the sample size is not very large (Tajima 1989 ; compare also Moriyama and Powell 1996) .
The second test compares the levels of intraspecific polymorphism and interspecific divergence between two genomic regions (HKA test; Hudson, Kreitman, and Aguade 1987) . We applied this test for a pairwise comparison of all four regions, with either D. sechellia alone or D. yakuba and D. orena together as outgroups (table  4) . In this case, we find a significant deviation from neutrality for the comparisons between regions 2 and 3. This suggests that there is either an excess of polymorphisms in the leader and the intron (region 2), or a relative lack of polymorphisms in the coding region. In view of the fact that the other pairwise comparisons did not yield significant deviations, one would tend to accept the former interpretation (see also Discussion).
The most direct test for tracing potential adaptation effects in protein-coding regions was suggested by McDonald and Kreitman (1991) . This test compares the number of polymorphisms and fixed differences between species for silent and replacement substitutions, respectively. Table 5 shows the values for the comparsions of the D. melanogaster polymorphic sites against the fixed differences for each of the three species. None of the 2 ϫ 2 contingency tests yields a significant deviation from the random expectation; i.e., there is no indication of a violation of the assumption of neutral evolution of the hb coding region.
Evolution of Expression Patterns hb shows a fairly complex expression pattern both early in embryogenesis and at later stages of development. While the major expression aspects concerning segmentation function as well as nervous system expression seem to be fairly well conserved, at least among insects, differences have been noted in the socalled secondary expression patterns, at least at early stages of embryogenesis (Treier, Pfeifle, and Tautz 1989; Sommer and Tautz 1991; Wolff et al. 1995) . To analyze whether such differences can already be seen in close species comparisons, we performed whole-mount in situ hybridizations on embryos from the Drosophila sibling species group, including D. simulans, D. teisseri, and D. yakuba. In comparing the staining patterns, we found by and large the identical expression pattern of hb in these species. The differences found were most pronounced in the D. melanogaster/D. yakuba comparison, and only with respect to the secondary blastoderm expression pattern ( fig. 4 ). In the mid-blastoderm stage, one can see two stripes in the anterior half of the embryo, one close to the tip and one in the region of the developing parasegment 4 (the PS4 stripe). The latter stripe is known to be functionally involved in generating parasegment 4 in D. melanogaster (Hülskamp et al. 1994) , while the more anterior stripe is of unknown functional significance. The modulations seen in the expression pattern of hb between the different species concerns these stripes and the region between them. While the most anterior of the stripes is comparatively weak in D. melanogaster, both stripes are of equal staining intensity in D. yakuba ( fig. 4B and E) . In the late blastoderm stage, the anterior D. melanogaster stripe and the two D. yakuba stripes become very weak ( fig. 4C and F) . In contrast, the staining of the yolk nuclei is weak and transient in D. melanogaster, but strong and much more persistent in D. yakuba ( fig. 4E and F) . Thus, these differences could be described as heterochronic shifts in timing of the expression domain, rather than as novel expression aspects. We note that minor differences in the expression patterns seen in this region can also be detected within each species. However, it is difficult to assess whether this is simply due to fixation artifacts or whether there is indeed some intraspecific variation in the generation of these patterns. However, the differences described above for the between-species comparison are fully reproducible. 
Discussion
In an attempt to understand the microevolutionary processes occurring in the hb region of Drosophila, we analyzed polymorphisms within D. melanogaster and the divergence patterns in closely related species. We find that the general level of polymorphism in the hb region is low compared to that found in other genes (Moriyama and Powell 1996) . However, this can be fully explained by the fact that hb lies in a region close to the centromere with a lowered recombination rate. Such regions show generally lower levels of polymorphism because of either selective sweeps or background selection effects (Begun and Aquadro 1992; Charlesworth, Morgan, and Charlesworth 1993; Hudson and Kaplan 1995; Charlesworth and Guttman 1996) .
All tests of neutrality suggest that there is no significant deviation from a neutral sequence evolution model within this region, with one exception. There appear to be either too many polymorphisms in the leader and the intron (region 2), or too few at the silent sites of the coding region. One can compare the estimates of for these two regions with those for intron 3 and exon 4 of Gld, which lies not far away from hb on the chromosome. The highest values found for Gld are 0.0021 for the intron and 0.0024 for the silent sites in the exon (Hamblin and Aquadro 1997) . Upon comparing this with our values of 0.0058 for region 2 and 0.0040 for the silent sites (table 1), one would conclude that there is an excess of polymorphism in region 2 rather than a lack of polymorphism in region 3. The reason for this is unclear at present. It seems very unlikely that these are balanced polymorphisms that are maintained by selection, since the region is virtually devoid of known functional elements. A further analysis of the polymorphisms in this region for other species therefore seems necessary before any conclusions can be drawn.
The pattern of codon usage bias found in the hb coding region is very much in line with the suggestion that translational accuracy is the major driving force behind the establishment of biases (Akashi 1994) . The two alternative models, namely biases because of local genomic GϩC content composition or because of high expression level, seem less likely. The GϩC content of the noncoding sequences around the hb region is about 40% in D. melanogaster and D. virilis (Treier, Pfeifle, and Tautz 1989) , while the GϩC content of third codon positions in the most biased regions is about 80%. On the other hand, the GϩC content in the less-biased regions is only about 70%, clearly indicating that long-range compositional effects do not play a major role here. The possibility of a bias because of high expression levels is not as easy to discount. Although hb is a transcription factor and not a structural protein, it may nonetheless be under a strong constraint for fast and efficient translation. In the early embryo, it is one of the first zygotically active genes, being transcribed and translated during a phase of development in which the embryo is still engaged in nuclear division cycles of only 10 min duration. Since hb acts as a concentration-dependent regulator of other genes, it may be crucial to attain high levels of translation during this early phase of development. However, if this were the reason for selection on codon usage, one would expect a more or less equal effect on all codons in the protein. This is clearly not the case. While the general level of codon usage bias is somewhat higher than average for other D. melanogaster proteins, it is still lower than that for particularly strongly biased genes (Sharp and Lloyd 1993) . On the other hand, the regions that are highly conserved during evolution show the highest bias. This pattern is thus much more compatible with the assumption of a necessity for particularly high translational fidelity in such regions.
Comparison of the expression patterns of hb between the sibling species has not yielded any evidence for the evolution of new expression domains. This was probably not to be expected, in view of the fact that D. virilis and M. domestica show broadly similar hb expression patterns (Treier, Pfeifle, and Tautz 1989; Sommer and Tautz 1991) . However, some variability in the stripes seen in the anterior half of the late blastoderm embryo have been noted in these more distant comparisons. It is therefore interesting to also see a variability of these stripes in the relatively close comparison between D. melanogaster and D. yakuba. However, it is not novel domains that are generated, but only a variability with respect to the timing of the expression. Since the domains affected have no known function, one could simply assume that they are under a loose control that can easily be changed. On the other hand, the fact that these domains are retained over a large evolutionary distance (albeit with modifications) suggests that they do have a particular role, which may, however, be redundant and therefore not easily be detected in normal genetic analysis. It is currently difficult to assess whether such an apparently fuzzy control of an expression domain is unusual. There are no systematic studies yet that compare closely related species with respect to potential changes in expression patterns, and it therefore remains to be seen whether or not our findings for hb are unusual.
We conclude from our study that the evolutionary divergence pattern of hb can be almost fully explained within the framework of neutral evolution and the action of purifying selection. There is currently no convincing evidence for positive selection in the gene region of hb which would be indicative of adaptive changes. Thus, our study does not support inferences on the involvement of early-acting ontogenetic genes in environmental adaptations. However, other ontogenetically early acting genes will have to be analyzed in the same way before this conclusion can be generalized.
